none of the previously established experimental models can reproduce the natural process of HBV infection. In the present study, primary human hepatocytes were fused with HepG2 cells to establish the hybrid HepCHLine-4 cell line with high susceptibility to HBV. The HepCHLine-4 cells expressed HBV-specific antigen when co-incubated with HBV-positive serum from a hepatitis B patient. Post-infection, HBV relaxed circular DNA and covalently closed circular DNA were detected in HepCHLine-4 cells using a nested polymerase chain reaction, and HBVspecific particles were visualized by electron microscopy of the culture media of HepCHLine-4 cells. HepG2 cells were not susceptible to HBV infection under the same conditions. The HepCHLine-4 cells can be sub-cultured for > 12 months while maintaining susceptibility to HBV and may, therefore, be useful for studying HBV infection and the viral life cycle in human hepatocytes.
Introduction
Hepatitis B, one of the major worldwide infectious diseases, is caused by a small enveloped DNA virus, the hepatitis B virus (HBV). Infection with the virus may become chronic, and chronic infection with HBV is one of the leading causes of severe liver diseases such as cirrhosis and hepatocellular carcinoma. 1 HBV is a member of the hepadnavirus family and has a circular, partially double-stranded DNA genome of 3200 bases. HBV relaxed circular DNA (rcDNA), which forms the HBV genome, comprises a complete minus strand and a partially synthesized plus strand, with the plus strand being only 1700 -2800 nucleotides long. After the virus enters a liver cell, viral polymerase converts the partially single-stranded DNA (ssDNA) into complete double-stranded DNA, called covalently closed circular DNA (cccDNA). 2, 3 The cccDNA is localized in the nucleus of the infected cell Y Jiang, AH Wang, LH Shao et al. New cell culture system for hepatitis B infection and acts as the template for transcription of the viral pregenome. 2, 3 As the replicative intermediate, formation of cccDNA completes the initiation of infection. 2, 3 Hepadnavirus infection is strictly species and tissue specific. 2, 4 Several human hepatoma-derived cell lines, such as HepG2 cells, Huh-6 cells and Huh-7 cells, have been reported to be able to support HBV transcription and replication by using an integrated or transfected HBV genome as a template. 5 -9 None of these established human hepatoma cell lines, however, has been shown to be susceptible to HBV infection; only human hepatocyte primary cell cultures and human foetal hepatocyte primary cultures have been confirmed to be susceptible to HBV infection. 10 -13 Primary human hepatocytes and human foetal hepatocytes are, however, of limited availability and cannot be immortalized, which restricts their use as models for HBV infection.
To date no established experimental model has been able to reproduce the natural in vivo process of HBV infection and replication, and this has limited our knowledge of the HBV life cycle and the mechanism of the early stages of virus-cell interaction.
The objective of the present study was to establish a hybrid cell line by fusing primary human hepatocytes with HepG2 cells deficient in hypoxanthine-guanine phosphoribosyl transferase (HGPRT -HepG2 cells), and to test the susceptibility of such a cell line to HBV infection.
Patients and methods

INDUCTION AND SCREENING OF HGPRT -HEPG2 CELLS
The original HepG2 cell line was obtained from the China Centre for Type Culture Collection (CCTCC), Wuhan, China, and was cultured with Dulbecco's modified Eagle's medium (DMEM; Gibco ® Invitrogen™, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco ® Invitrogen™). The HGPRT -HepG2 cells were selected from the original cell line in the presence of ethyl methane sulphonate (EMS; Sigma Aldrich, St Louis, MO, USA) and then 6-mercaptopurine (6-MP; Sigma Aldrich). The cells were resistant to 0.3 g/l EMS and 10 mg/l 6-MP but could not grow in hypoxanthine-aminopterinthymidine (HAT) medium (DMEM supplemented with 100 µmol/l hypoxanthine, 0.4 µmol/l aminopterin, 16 µmol/l thymidine and 5% FBS; Gibco ® Invitrogen™), indicating a complete defect in inosinic acid pyrophosphorylase (IPP). 14 In addition, reversion to 6-MP sensitivity could not be detected in HGPRT -HepG2 cells. The morphology and the mean chromosome numbers of HGPRT -HepG2 cells were similar to those of wild-type HepG2 cells.
ISOLATION AND CULTURE OF PRIMARY HUMAN HEPATOCYTES
Primary human hepatocytes were isolated by needle biopsy from the human liver of a male patient with hepatitis B. Informed consent was obtained from the patient and all experimental procedures were conducted in accordance with Chinese laws and regulations and were approved by the Ethics Committee of Shandong University.
The patient's HBV serology was identified as follows: hepatitis B surface antigen positive (HBsAg + ), anti-HBsAg negative (anti-HBsAg -), hepatitis B e antigen negative (HBeAg -), anti-HBeAg-negative (anti-HBeAg -), and hepatitis B core antibody IgG positive (HBc-Ab-IgG + ); and serum HBV DNA levels of 11.2 × 10 3 copies/ml. Half of the liver tissue was retained for pathological study and the other half was used for primary hepatocyte culture. Briefly, the Y Jiang, AH Wang, LH Shao et al. New cell culture system for hepatitis B infection tissue was placed immediately in cold 10 mM phosphate buffered saline (PBS), pH 7.2, supplemented with antibiotics (penicillin 100 IU/ml and streptomycin 100 µg/ml) for < 24 h and then washed three to five times with PBS. The tissue was then minced and washed in PBS before being transferred to a fresh tube and digested with 0.01% collagenase IV (Sigma Aldrich) for 15 min at 37°C, stirring gently. The supernatant was saved and larger tissue fragments were collected for repeat digestion two or three times, as outlined above, until no large fragments were seen. The cell suspensions were pooled and ground through a 200 mesh copper screen. The filtrate was then washed with DMEM by centrifugation three times at 500 rpm (ZK380 centrifuge; Heraeus Instruments, Hanau, Germany) for 5 min to remove collagenase, damaged cells and nonparenchymal cells. The final pellet was resuspended in hepatocyte medium (DMEM supplemented with 2% FBS, 2% dimethyl sulphoxide [DMSO], 2% polyethylene glygol [PEG], 10 µg/l insulin, 0.1 µmol/l dexamethasone and 4 mmol/l glutathione). The cell suspension (1 × 10 5 cells/ml) was seeded in Costar ® six-well culture dishes (Sigma Aldrich) without any coating feeder layer and cultured in an incubator at 37°C in 5% CO 2 . The medium was changed after the first 24 h and then once every 3 days. Hepatocyte viability was defined as the ability of cells to exclude trypan blue dye (Gibco ® Invitrogen™).
CELL FUSION AND SELECTION OF THE HYBRID CELL
According to a monoclonal antibody technique, approximately 2 × 10 6 HGPRT -HepG2 cells were fused to 1 × 10 5 human hepatocytes using the stirring method with 50% PEG 1500 (Roche, Basel, Switzerland). 15 The cell mixture was then washed twice with DMEM. The resulting population, containing fused cells, was plated in a Costar ® 96-well plate at a density of 1 × 10 5 cells/well and grown in HAT medium. After 13 days of selection in HAT medium, limiting dilution cloning was performed which resulted in the plating of 0.5 -10 cells/well in 96-well plates. After several rounds of limiting dilution cloning, one hybrid cell clone was obtained and named HepCHLine-4. Thereafter, the HAT selection medium was changed to HT medium (DMEM supplemented with 100 µmol/l hypoxanthine, 16 µmol/l thymidine) for 1 week. The HepCHLine-4 cells were then maintained in DMEM medium supplemented with 10% FBS.
ANALYSIS OF THE CHROMOSOMES IN HEPCHLINE-4 CELLS
The modal chromosome numbers in wildtype HepG2, HGPRT -HepG2 and HepCHLine-4 cells were counted by the trypsin G-banding method as described previously. 16 Twenty cells each of wild-type HepG2, HGPRT -HepG2 and HepCHLine-4 were analysed.
HBV INFECTION OF CELL CULTURES
The susceptibility of the HepCHLine-4 cell line to HBV infection was determined by incubation with HBV-positive serum. HepG2 cells were used as a control in this study. HepCHLine-4 and HepG2 cells became semiconfluent 1 -2 days after being seeded in sixwell plates. The cells were then moved to a 4°C refrigerator for 6 h and then moved back to an incubator at 37°C in 5% CO 2 for 6 h to ensure that they were hypothermically synchronized. Serum containing 2 × 10 7 HBV DNA molecules/ml from an HBsAg + /HBeAg + virus carrier (HBV genotypes B and C) were passed through a 0.22 µm diameter Millipore filter (Millipore, Billerica, MA, USA) and stored at -70°C until use.
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Approximately 10 6 cells were incubated with 200 µl from this infectious source (approximately four copies of HBV virions [genotypes B and C] per cell), diluted 10-fold in 2 ml FBS-free DMEM, for 2 h at 37°C. After incubation, cells were washed three times with PBS to remove the unabsorbed virus, and then maintained in DMEM supplemented with 10% FBS. The start of this incubation was taken as time zero.
DETECTION OF INTRACELLULAR AND SECRETED HBV DNA
Aliquots of the infected cells were harvested by trypsin treatment each day post-infection and stored at -70°C. To avoid potential interference from the residue of the infectious source, the culture media from infected cells was harvested each day from the fourth day post-infection. Total DNA was extracted from harvested cells and culture media according to the method described by Maniatis et al. 17 The HBV genome was amplified by nested polymerase chain reaction (PCR) using universal primers for HBV as the outer primers, followed by a mixture containing HBV B and C type-specific inner primers, as described previously. 18 The PCR products were analysed by 2% agarose gel electrophoresis and ethidium bromide (Sigma Aldrich) staining.
DETECTION OF INTRACELLULAR HBV CCCDNA BY NESTED PCR
The HBV virion-associated form of HBV DNA contains a single-stranded gap and a short triple-stranded region at the 5′ end of the minus DNA strand. 19 Both these regions are sensitive to single-strand-specific nucleases such as mung bean nuclease, 20 whereas cccDNA is resistant to mung bean nuclease.
Aliquots of 10 4 HBV-infected HepCHLine-4 and HepG2 cells were harvested each day postinfection and total DNA was extracted, according to the method described by Maniatis et al. 17 Then 17.5 µl total DNA was digested with 25 U (50 U/µl) of mung bean nuclease (Promega, Madison, WI, USA) in 20 µl of 0.03 M sodium acetate (pH 5.0), 0.05 M NaCl, and 1 mM ZnCl 2 buffer at 37°C for 17 min to remove ssDNA, then transferred immediately to an ice bath. The mung bean nucleasedigested products were subjected to nested PCR for HBV cccDNA using primers that have been previously described. 19 A mung bean nuclease parallel control experiment was performed. Briefly, virion-associated DNA was extracted from HBV-positive serum and digested with mung bean nuclease, and the digested products were subjected to nested PCR for HBV cccDNA. The PCR products were analysed by 2% agarose gel electrophoresis and ethidium bromide staining.
DETECTION OF SECRETORY HBV ANTIGENS
The HBsAg and HBeAg levels in the cell culture supernatants were identified by electrochemiluminescence (ECL) using an Elecsys 2010 fully-automated ECL analyser (Roche). The culture media from infected cells was harvested each day from the fourth day post-infection and assayed according to the manufacturer's instructions to obtain the sample absorbance/cut-off ratio (s/co).
DETECTION OF HBCAG IN INFECTED CELLS BY IMMUNOFLUORESCENCE
The HepCHLine-4 and HepG2 cells were grown on glass cover slips. Each day postinfection, after removal of the culture medium, the cover slips were briefly dipped three times in PBS. The chamber slides were then fixed with 4% paraformaldehyde for 20 min at 4°C and air dried. Cells were then blocked by incubation with PBS containing 10% goat serum at 37°C for 30 min. Taking advantage of the fact that the viral core Y Jiang, AH Wang, LH Shao et al. New cell culture system for hepatitis B infection proteins accumulate exclusively within the infected cells, indirect immunofluorescence analysis was performed. The primary antibody was a specific mouse monoclonal antibody directed against the hepatitis B core antigen (HBcAg; Millipore) (1:200 dilution in PBS/0.1% Triton ® -X100), which was incubated with the cells overnight at 4°C. The secondary antibody was a fluorescein isothiocyanate-conjugated goat anti-mouse IgG (heavy-and light-chain specific) (SouthernBiotech, Birmingham, AL, USA) (1:80 dilution in PBS/0.1% Evans Blue [Sigma Aldrich]), which was incubated with the cells at 37°C for 30 min. The slides were examined using an Olympus (Tokyo, Japan) fluorescence microscope (IX-70) (×300 magnification).
EXAMINATION OF HBV-SPECIFIC PARTICLES BY ELECTRON MICROSCOPY
Culture media harvested from day 6 postinfection was concentrated by ultracentrifugation at 280 000 g for 5 h at 4°C (Beckman Optima L-100XP ultracentrifuge; Beckman Coulter, Fullerton, CA, USA). The resulting pelleted virus was suspended in TN buffer (10 mM Tris-Cl [pH 7.2] with 140 mM NaCl), and then applied to a Formvar-coated grid. The sample was examined using a JEOL-1200 EX electron microscope (JEOL, Tokyo, Japan) after negative staining with 2% phosphotungstic acid.
Results
ESTABLISHMENT OF A HYBRID CELL LINE
A hybrid cell line was established from one cell clone and named HepCHLine-4. Over 1 year of culture, HepCHLine-4 cells were morphologically unchanged after the 50th subculture and grew as fast as they had at the beginning of the subculture.
The mean modal chromosome numbers in wild-type HepG2, HGPRT -HepG2 and HepCHLine-4 cells were 51, 53 and 99, respectively. The HepCHLine-4 was a hybrid cell line between human hepatocytes (46 chromosomes) and HGPRT -HepG2 cells (53 chromosomes), and contained all genomic factors from both human hepatocytes and HepG2 cells. The modal chromosome numbers of the hybrid cell line examined at the fifth and 50th subcultures were 99 and 85, respectively, indicating that the hybrid cell line had undergone a minor chromosomal deletion through continuous passage, while remaining genetically stable. Intracellular HBV DNA, HBV cccDNA and HBcAg could not be detected in any uninfected HepCHLine-4 cells.
IDENTIFICATION OF INTRACELLULAR AND SECRETED HBV DNA IN HBV-INFECTED CELLS
The 278 base pair (bp) and 120 bp nucleotide nested PCR fragments, which were the expected amplification products of B and C type-specific HBV DNA, respectively, were consistently detected in both HBVinfected HepCHLine-4 cells and culture media from these cells between days 6 and 15 post-infection, but not from day 16; they were not detected in the control HBVinfected HepG2 cells at any time (Fig. 1) . These results suggested that HBV virions derived from HBV-positive serum had gained entry and had either replicated or been maintained within this hybrid cell line by means of natural infection. Thus, the HepCHLine-4 cell line was susceptible to HBV infection.
DETECTION OF HBV CCCDNA WITHIN HBV INFECTED HEPCHLINE-4 CELLS
The mung bean nuclease digested products of the total DNA isolated from 10 4 infected Y Jiang, AH Wang, LH Shao et al.
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HepCHLine-4 and HepG2 cells were used to detect HBV cccDNA by nested PCR. The cccDNA amplicon size was 294 bp and it was detected consistently between days 5 and 10 post-infection in HBV-infected HepCHLine-4 cells, but it could not be detected prior to day 5 or from day 11 post-infection, suggesting that the replicative intermediate cccDNA was synthesized in HBV-infected HepCHLine-4 cells in a time-dependent manner. The cccDNA was not detected at all in the HBVinfected HepG2 control cells or in the mung bean nuclease control (Fig. 2 ).
DETECTION OF SECRETORY HBV ANTIGENS
The HBV-infected HepCHLine-4 cells consistently secreted HBsAg, as detected by ECL, between days 6 and 15 post-infection and HBsAg levels in the culture media ranged from 3.850 to 89.590 IU/ml (≥ 1 IU/ml was considered positive) ( Fig. 3) . The HBV-infected HepCHLine-4 cells also consistently secreted HBeAg between days 8 and 17 post-infection; HBeAg levels in the culture media ranged from 1.000 to 1.690 s/co (≥ 1 s/co was considered positive) ( Fig.  3 ). HBsAg and HBeAg could not be detected in culture media of HBV-infected HepG2 cells.
DETECTION OF HBCAG IN INFECTED CELLS
To estimate the percentage of infected cells, HBcAg was detected in HBV-infected cells by indirect immunofluorescence assay. The 
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HBcAg was detected throughout the cytoplasm of HBV-infected HepCHLine-4 cells between days 0 and 30 post-infection, but was not detected in HBV-infected HepG2 cells. The results showed that at least 15% of HepCHLine-4 cells were infected and the infected HepCHLine-4 cells could express HBcAg post-infection ( Fig. 4 ), suggesting that HepCHLine-4 cells were susceptible to HBV, permitting HBV virion entry and intracellular HBV-infected synthesis post-infection.
IDENTIFICATION OF HBV-SPECIFIC PARTICLES IN CULTURE MEDIA
The ultracentrifugation products of culture media from day 6 post-infection were directly examined by electron microscopy after negative staining with 2% phosphotungstic acid: 22 nm diameter spherical forms and 22 nm long filamentous forms of HBsAg particles and a few 42 nm diameter double-shelled Dane-like particles were detected (Fig. 5A, 5B ).
Discussion
Infection with HBV exhibits a very narrow host range and shows a strong tropism for liver parenchymal cells, therefore excluding animal models from HBV infection studies. 2, 4 Primary human hepatocytes and hepatomaderived cell lines are currently the two main systems used for the in vitro study of HBV. However, primary human hepatocytes are not constant resources and their culture is technically difficult, which hamper the use of this system. Gripon et al. 12 reported that the addition of agents, such as PEG and DMSO, could improve viral uptake and maintenance of differentiation, although these chemicals may result in artificial mechanisms for viral entry. Among the numerous established human hepatoma cell lines, such as HepG2, Huh 6 and Huh 7 cells, none has been shown to be susceptible to HBV infection. 5 -9 Hepatoma-derived cell lines used for the study of HBV rely upon the use of integrated or transfected HBV genomes as templates, such as in the HepG2.2.15 cell line. 5 Integrated or transfected hepatoma cell lines have revealed many important details of HBV replication and genomic organization; 5 -9 however, because the genome is introduced to cells by integration or transfection rather than infection, these cell lines are unsuitable for studying HBV-host cell infection processes, such as viral attachment, penetration and uncoating. Morphologically, the hybrid cell line resembled the parental cells, since they showed polygonal contours and transparent nuclei. The mode chromosome number in the HepCHLine-4 cell line was shown to be 99 by the trypsin G-banding method; the parental lines, HGPRT -HepG2 cells and primary human hepatocytes, had 53 and 46 chromosomes, respectively. The HepCHLine-4 cell was considered, therefore, to be a hybrid cell containing genomes from both human hepatocytes and HepG2 cells. The HepCHLine-4 cells had some variation in chromosome number even within the same clone, however this phenomenon is in accordance with a previous report on mammalian hybrid cell lines. 21 Over 1 year, HepCHLine-4 was shown to be morphologically unchanged after the 50th subculture and grew as fast as it had at the beginning of the subculture. The mode chromosome number of HepCHLine-4 cells examined at the 50th subculture was 85, meaning that the hybrid cell line had undergone a minor chromosomal deletion through continuous passage while remaining genetically stable and indicates the hybrid nature of the HepCHLine-4 cell line.
The HepG2 cells are not susceptible to natural serum-derived HBV virions, even at an infection load of approximately 100 particles/cell, 19 although they can produce and secrete HBV after transfection with cloned HBV DNA. The present study indicated that the HepCHLine-4 hybrid cell line was susceptible to serum-derived HBV virions. Before infection, intracellular HBV DNA, HBV cccDNA and the HBV-specific antigen HBcAg could not be detected in any uninfected HepCHLine-4 cell. Following HBV infection, however, HBV replication in the HBV-infected HepCHLine-4 was The HepCHLine-4 cell line has now undergone subculture for more than 1 year and continues to maintain high susceptibility to HBV and the ability to replicate and express the HBV genome post-infection. This not only indicates continued susceptibility to HBV, but also the continued ability to initiate viral replication and produce HBV-specific antigens and infectious progeny virions after HBV infection. The HepCHLine-4 cell line inherits the high susceptibility to HBV from human hepatocytes and its immortality from HepG2 cells, overcoming the deficiency of primary human hepatocytes as a HBV infection model.
In conclusion, the present study indicates that the HepCHLine-4 cell line is a suitable cell model for studying HBV infection and replication in vitro. Further research is needed to understand the mechanisms of virus-cell attachment and virus entry into HepCHLine-4 cells, and the kinetics of virus infection, replication and protein secretion. Nevertheless, this is also a potentially useful model for studying the early events of HBV infection and analysing the in vivo process of viral infection and viral life cycle in human hepatocytes. It may also serve as a model system for screening antiviral agents used for treatment of chronic hepatitis B.
